Introduction
Beam steering devices are used in applications where the light beam direction needs to be rapidly changed. Non−me− chanical devices of this type are based on liquid crystals. They operate without need of application of mechanical force to move massive mirrors. They offer several advan− tages over the mechanical modulators, in particular no mov− ing parts, low power consumption and low cost [1] .
Nematic liquid crystals belong to materials which are often employed for non−mechanical beam steerers [2] . This is possible due to optical anisotropy of nematics determined by the refractive indices n || and n^, measured parallel and perpendicular to the director n, respectively. Interaction of nematic liquid crystals with the external electric field E results in torques acting on director. This allows to control the orientation of the optical axis by means of electric field and is basic for the beam steering and other applications.
The torques acting on the director are due to dielectric anisotropy, De = e || -e^, and to flexoelectric properties [3] . The dielectric torques act in the whole volume of the sample and favor orientation n || E if De > 0 and n^E if De < 0. The flexoelectric properties lead to the polarization of the nema− tic given by formula P n n n n = Ñ× -´Ñé e 11 33 ( ) ( ), where e 11 and e 33 are the flexoelectric coefficients. The flexoelec− tric torques act in the bulk and on the boundaries. When the nematic sample is subjected to the DC electric field, the director distribution results from joined action of the torques of both kinds. If AC voltage of sufficiently high frequency is applied, the flexoelectric contribution to the director distri− bution vanishes. Static director distributions in such AC field are not affected by the flexoelectric properties. They are induced solely by dielectric interactions. The director distri− butions at such high frequency AC field result from the effective electric field acting on liquid crystal which depends on the root mean square value of the bias voltage.
Several types of liquid crystal beam steerers can be dis− tinguished, for instance the tunable gratings which employ diffraction of light and the devices in which refraction is used [4] [5] [6] [7] [8] . The refractive beam steerers operate like electri− cally controlled liquid crystal wedges or prisms. The deflec− tion angles of the wedges are rather small due to small apex angles. Large deflection angles can be obtained if the light beam propagates along a thin liquid crystal layer and refracts or reflects at an oblique interface between two regions with different director orientations [9] . In this paper, we simulate numerically the nematic liquid crystal beam steering device which operates as an electrically controlled Rochon prism.
In the next section, Section 2, the structure of the mod− elled device is presented. Section 3 describes its principle of operation. Finally, a short discussion is provided in Se− ction 4.
Model
The modelled structures are shown in Figure 1 . Principle of their operation is explained for the case presented in Fig. 1(a) .
The modelled device consisted of the nematic liquid crystal layer of thickness d = 20 μm confined between two square glass plates positioned at z = ±d/2 of the Cartesian coordinate system xyz. Triangular transparent electrodes made of thin indium−tin oxide films were deposited on the inner surfaces of the plates. It was assumed that the orienta− tion of the optical axis over the whole inner surfaces of the plates was imposed by the easy axes which were parallel to the xz plane and made the angle q s = 0.1°with the xy plane. The interaction between the nematic material and the sub− strate was characterized by the surface anchoring energy, W. Two values of W were taken into account: W = 10 -3 Jm -2 which ensured rigid surface orientation and W = 2·10 -5 Jm -2 which allowed for field induced surface deformations. The model nematic liquid crystal was characterized by typical values of elastic constants, k 11 = 6·10 -12 N, k 33 = 10·10 -12 N, and of dielectric permittivity components e || = 12, e^= 8. Its refractive indices were n || = 1.7925 and n^= 1.5193. The presence of ions of concentration N = 10 18 m -3 was taken into account. The quasi−blocking electrodes were assumed due to polyimide coatings [10] .
In this way, the slab of uniaxial crystal with the optical axis oriented practically parallel to the incident beam was formed.
Principle of operation
As shown in Fig. 1(a) , the light ray enters the first of two tri− angular parts of the layer. There is no voltage between the electrodes in this part. The optical axis is maintained by the aligning film. The light beam propagates along the x axis. If there were no voltage between the electrodes in the second triangular part, the incident light would run through the whole device without change of its direction. Application of electric field in the second triangular part changes the optical axis and affects the ray's path.
If the AC voltage is applied, the flexoelectric properties are excluded and the influence of electric field is of purely dielectric nature. When RMS voltage exceeds the threshold value, U k c = p e e 11 0 ( ) D , the torque exerted by the electric field due to positive dielectric anisotropy leads to elastic deformation of the director distribution. The torque rotates the director in the bulk of the layer towards the z axis whereas the director adjacent to the surfaces retains its previ− ous orientation due to rigid anchoring. The director orienta− tion, i.e., the orientation of the optical axis, is determined by the angle q between the director n and the xy plane. Its final distribution resulting from the action of electric field, q(z), can be calculated numerically. Numerical calculations were performed by means of the methods described earlier [10] [11] [12] . The results show that for sufficiently high voltage, the angle q equals to 90°in the prevailing part of the layer thickness. Therefore the triangular part of the device sub− jected to electric field behaves as a thin prism of uniaxial crystal with the optical axis parallel to z. The other triangular part which is not subjected to the field remains unaffected and forms a birefringent prism with the optical axis parallel to x. As a result, both parts of the device create the Rochon prism, [ Fig. 1(a) ].
The incident ray polarized in the xy plane (i.e., with opti− cal electric field vector parallel to z) passes through the first triangular prism as an ordinary ray. Propagation of this ray is then determined by the ordinary refractive index, n o = n^. The angle of incidence on the boundary with the second prism is 45°. In the second prism, the same ray behaves as the extraordinary ray. Its propagation is determined by the extraordinary refractive index, n e , which depends on the ori− entation of the optical axis according to the formula n n n n n e ( ) cos sin
As n e (q) ¹ n^, the ray refracts at the boundary between both prisms. (Reflection from the boundary is determined by the coefficient R »0.02.) For sufficiently high voltage, n e is practically equal to n || in the prevailing part of layer where q = 90°. For n || = 1.7925 and n^= 1.5193, the angle of refrac− tion on the boundary between prisms equals 36.8°(which gives change of direction by 8.2°). Another refraction occurs at the exit from the device. The resulting deviation of the ray from its initial x direction is d = 14.8°. Continuous curves in Figure 2 show distribution of the angles of deviation, d(z), calculated for four values of voltage. It is evident that in order to deflect the prevailing part of the light beam, the bias voltage should significantly exceed the threshold value. After switching off the field, the anchoring and elastic tor− ques restore the uniform director distribution in the whole slab and the deflection decays.
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Somewhat larger deflection angle can be obtained if the field is applied to the first triangular part of the device whereas the second part remains unaffected [ Fig. 1(b) ]. The light beam enters the nematic in which the optical axis is par− allel to z. The ray polarized in the xy plane propagates as the extraordinary ray. It refracts in the second part of the device where its propagation is determined by n^since the opti− cal axis is parallel to x. The resulting deviation angle is d = -°17 7 . . Figures 1(a) and 1(b) show that if the triangles subjected to the field are interchanged then the ray changes its direction by 32.5°.
If the incident ray is polarized in the xz plane, it behaves like an extraordinary ray in both parts of the device and is not deflected.
The angular intensity distributions of the emerging beams considered above is shown in Fig. 3 as a function of the deviation angle.
Some improvement of the angular distribution of the intensity of deflected beams can be obtained due to flexo− electric properties. This effect is possible under DC voltage if the surface anchoring is sufficiently weak. The director adjacent to the boundaries may then deviate from the easy axes. For W = 2·10 -5 J/m 2 and e 11 + e 33 = 40 pC/m, the threshold voltage is U c = 1.26 V. The resulting director pro− files are asymmetric. The optical axis is parallel to the z axis in the whole negative half of the layer due to the flexoelectric torques. As a result, the deflecting part of the prism is thicker as shown in Fig. 2 by a dotted curve. This gives larger inten− sity of the emerging beam as shown by dotted lines in Fig. 3 .
When the surface anchoring is weak as previously but the AC voltage is applied, the deformation is of purely dielectric nature and arises above U c = 1.18 V. The distribution of the angles of deflection for U = 10 V is shown in Figure 2 by a dashed line. The intensity of the deflected beam is lower than in the DC case as it is marked by small squares in Fig. 3 .
The layer thickness limits the width of the light beam which can be steered. However the time necessary for opti− cal axis reorientation is proportional to square of the thick− ness. Therefore, the layer should be as thin as possible for a given application of the device or the bias voltage should be high enough.
In order to determine the dynamics of the device, the director orientation angle q(z,t) was computed as a function of time after switching on and after switching off the voltage U = 10 V by means of method described in Ref. 13 . The vis− cous torque exerted on the director was determined by the rotational viscosity g 1 = 0.076 Nsm -2 . Figure 4 illustrates the dynamics of deflection of the ray for the case shown in Fig−  ure 1a . The deviation angle d is plotted as a function of time after application of a voltage rectangular pulse of height of U = 10 V and duration of 0.5 s. It is evident that the voltage induced deflection arises during ca. 0.08 s whereas it decays during much longer time (ca. 1.5 s).
The reorientation time after switching off the field can be shortened if a dual frequency liquid crystal is used. For such material, the dielectric anisotropy is positive for low fre− quencies (of the order of several kHz) and negative for high frequencies (at several tens of kHz) [14] . Thus, the high fre− quency signal of sufficient magnitude quickly restores the planar orientation and makes it uniform over the whole de− Opto−Electron. Rev., 24, no. vice. This effect is illustrated in Fig. 5 . The deviation angle decays to zero during ca. 0.05 s after increase of frequency. Dotted lines show that dynamics of the deviation angle is practically not affected by the flexoelectric properties.
Discussion
The same results can be obtained if the surface alignment im− poses the nearly homeotropic orientation, i.e., with n nearly perpendicular to the plates, with small deviation towards x. Un− der the action of high frequency AC voltage, the optical axis in the first triangular area becomes parallel to the x axis due to De < 0. In this way the Rochon prism is formed, as in the previ− ous case [ Fig. 1(c) ], however the useful asymmetry of the di− rector profile due to flexoelectric torque is absent. Low fre− quency voltage, for which De > 0, restores the homeotropic orientation. (Flexoelectric torques available under DC voltage do not favour the homeotropic alignment.) Alternative variant with the optical axis perpendicular to the plates in the first trian− gular part and with its field induced planar orientation in the second part is also possible [ Fig. 1(d) ]. The deformations considered above were simulated by means of approach applied earlier to the case of DC electric field, [10] [11] [12] , which is justified by the fact that the dielectric deformations have the same form for AC and DC fields. The results are valid for the case of AC voltage, provided that the RMS value of AC voltage is equal to the value of DC voltage and that the frequency of the applied voltage exceeds the relaxation frequency of the ionic space charge which allows to ignore the transport of ions [15] .
Conclusions
The above considerations were based on geometrical optics which is suitable for demonstration of operating principle of the device. When the light beam propagates through the nematic liquid crystal, scattering occurs due to director fluc− tuations. One may expect that this effect leads to significant reduction of the beam intensity. However, there are exam− ples which show that scattering does not exclude proper working of such beam steering device, provided that the path length of the ray in the nematic is of the order of 1 mm [16] . Another effect which can be expected because of the scatter− ing is depolarization of partially coherent light passing through liquid crystals [17] . It is due to a phase shift between linearly polarized components of the light beam. The depo− larization depends on the coherence length of light and on birefringence of the medium. For the partially coherent light with short coherence length, the phase shift may be so high that the light passing through liquid crystal may be almost totally unpolarized. However in our case only one compo− nent propagates through the device, with polarization paral− lel or perpendicular to the optical axis, therefore, one may suppose that the degree of polarization will not be affected significantly. 
